We investigated the association between serum high molecular weight (HMW) adiponectin and insulin secretion in a population-based study, with or without adjustment for insulin sensitivity. A total of 488 participants (263 women) were included in the present study. Insulin secretion was estimated using the homeostasis model assessment of b-cell function -adjustment for insulin resistance using the disposition index. Multivariate analysis showed that HMW adiponectin was significantly and inversely associated with homeostasis model assessment of b-cell function (partial regression coefficient -0.19, 95% confidence interval -0.28, -0.10, P < 0.0001). However, HMW adiponectin was significantly and positively associated with disposition index (partial regression coefficient 0.15, 95% confidence interval 0.06, 0.24, P = 0.0016). The present study showed that a positive association between HMW adiponectin levels and insulin secretion evaluated using an index incorporating adjustment for insulin resistance was identified, and vice versa using an index that did not adjust for insulin resistance.
INTRODUCTION
Human type 2 diabetes is characterized by two major features: peripheral insulin resistance (IR) and impaired insulin secretion by pancreatic b-cells. With regard to IR, a Mendelian randomization study showed that genetically determined adiponectin levels were positively associated with insulin sensitivity evaluated by euglycemic hyperinsulinemic clamp 1 , and it has been reported that associations with IR are slightly stronger for the high molecular weight (HMW) adiponectin than total adiponectin 2 . However, it has not been clarified whether adiponectin levels are directly or inversely associated with insulin secretion. In the present study, we investigated the association between HMW adiponectin levels and insulin secretion in a Japanese population-based study, with a specific focus on the effect of using indices of insulin secretion with or without adjustment for IR.
METHODS

Study design and participants
In the present cross-sectional study, we analyzed data from the Dynamics of Lifestyle and Neighborhood Community on Health Study. This was a community-based survey carried out in Suttu, Hokkaido, Japan, during 2015. A total of 2,100 participants (977 men and 1,123 women; 79.6% of all residents) completed the survey in the form of a questionnaire. Of the participants, 729, aged between 35 and 79 years, were also asked to provide blood samples and 545 participants (300 women) complied. Of these 545 participants, 57 were excluded due to missing data on HMW adiponectin or insulin levels (n = 4), or their use of insulin and/or oral hypoglycemic agents (n = 53). Consequently, data from 488 participants (263 women) were analyzed in the present study. The study design was approved by the Ethical Board of Hokkaido University School of Medicine (15-002), and signed informed consent was obtained from all participants.
Study definition and data collection Venous blood samples were collected after overnight fasting and shipped to a single laboratory to measure fasting plasma glucose (FPG), insulin, C-peptide and glycated hemoglobin levels using standard techniques. HMW adiponectin levels were measured using a chemiluminescent enzyme immunoassay (Fujirebio Inc., Tokyo, Japan). Participants were considered to be diabetic if they had a previous history of diabetes, FPG ≥7.0 mmol/L or glycated hemoglobin ≥6.5% (47.5 mmol/mol).
IR and insulin secretion were estimated using the homeostasis model assessment of insulin resistance (HOMA-IR) and homeostasis model assessment of b-cell function (HOMA-b%), respectively 3 . For one set of analyses, insulin secretion was adjusted for IR using the disposition index (DI), defined as the ratio of HOMA-b% to HOMA-IR 4 .
Statistical analysis
Because the serum HMW adiponectin, HOMA-b, insulin, Cpeptide and DI data showed skewed distributions, the values for these parameters were normalized by natural logarithmic transformation. Univariate linear regression analysis was carried out to examine the association between serum HMW adiponectin (ln-transformed) and HOMA-b% (ln-transformed), insulin (ln-transformed), C-peptide (ln-transformed) and DI (ln-transformed). Multivariable linear regression analysis was used to calculate coefficients after adjustment for age, sex and body mass index (BMI). Estimates included partial regression coefficient (b), 95% confidence interval (CI) and corresponding Pvalues. All tests were two-sided, and P < 0.05 was considered to be statistically significant. Statistical analysis was carried out using JMP 10 (SAS Institute Inc., Cary, NC, USA).
RESULTS
The profile and biochemical parameters of participants according to the HMW adiponectin quartiles are shown in Table 1 . Age and the proportion of women were positively associated with HMW adiponectin quartile, whereas BMI, waist circumference, FPG and HOMA-IR showed significant inverse associations. HOMA-b%, insulin and C-peptide were inversely associated with HMW adiponectin quartile. Unexpectedly, DI, an index of insulin secretion with adjustment for IR, showed a significant positive association. Table 2 shows the association between HMW adiponectin and indices of insulin secretion. Serum HMW adiponectin was significantly and inversely associated with HOMA-b% in a univariate linear regression analysis. Additionally, a multiple linear regression analysis showed that HMW adiponectin was inversely associated with HOMA-b% adjusted for age, sex and BMI. When the participants were classified into younger (<65 yearsof-age) and elderly groups (≥65-years-of-age), HMW adiponectin was inversely associated with HOMA-b% adjusted for age, sex and BMI in both groups. Furthermore, in participants without diabetes, HMW adiponectin level was inversely associated with HOMA-b% adjusted for age, sex and BMI. When insulin secretion was estimated using fasting insulin or C-peptide levels, similar results were obtained. Conversely, HMW adiponectin was significantly and positively associated with DI both in univariate and multiple linear regression analyses. These positive associations were observed in all the above subgroups (younger, elderly and non-diabetic groups).
DISCUSSION
In the current study, we found that serum HMW adiponectin was inversely associated with HOMA-b%, being consistent with previous reports 5, 6 . However, it would not be appropriate to evaluate insulin secretion without taking variability in IR into consideration, because circulating insulin levels are influenced not only by the capacity for insulin secretion, but also by IR. DI is thought to reflect the capacity for insulin secretion Values are expressed as mean -standard deviation or median (interquartile range). Data are presented for the entire group and for participants grouped according to their serum high molecular weight (HMW) adiponectin levels. One-way analysis of variance, Kruskal-Wallis test or the v adjusted for IR and thus to provide a useful measure of pancreatic b-cell function. Therefore, we further investigated the association between HMW adiponectin level and DI, and found that these parameters were significantly and positively associated each other. When we examined the association between serum HMW adiponectin and insulin secretion in the participants classified the participants into younger and elderly groups, similar results were obtained. Thus, the above association was observed even in the elderly. In vivo and in vitro experimental studies have suggested that the major effect of adiponectin on the pancreas includes the promotion of b-cell function and survival 7 . As one of the mechanisms, adiponectin induces activation of peroxisome proliferator-activated c receptors, which enhances insulin content and has positive effects on glucose-stimulated insulin secretion 8 . Regarding HMW adiponectin, although it remains unknown how HMW adiponectin could increase insulin secretion capacity, it has been recently reported that HMW adiponectin positively correlated with b-cell function after adjustment for age, sex and BMI in the The Treatment Options for type 2 Diabetes in Adolescents and Youth study 9 . In the present study, when insulin secretion was evaluated using HOMA-b%, without adjustment by IR, the association between HMW adiponectin levels and insulin secretion was paradoxical with the results of the above experimental studies. However, if DI as an IRadjusted insulin secretion index was utilized, the association was consistent with these results. Furthermore, the positive association shown in the present study is consistent with previous observations that low serum adiponectin is associated with the future development of type 2 diabetes 10, 11 , and the concept that hypoadiponectinemia might not only be a marker of IR, but also of b-cell dysfunction, both contributing to the pathophysiology of type 2 diabetes 12 . Therefore, when insulin secretion is evaluated in epidemiological studies, it is important to use indices that correct for the degree of IR.
In the present study, DI was calculated using data obtained only from fasting samples. As previously stated, these results should be interpreted with caution 4 , because DI should be calculated using glucose and insulin levels measured during intravenous or oral glucose tolerance tests 13 . This is one of the major limitations of the present study, and therefore further investigations are required to validate the identified association using the oral glucose tolerance test to calculate DIs. Another limitation of the present study was its cross-sectional design, necessitating that caution should be exercised with regard to any interpretation of causality. Furthermore, HOMA-IR and HOMA-b% are not reliable measurements in participants with moderate or severe diabetes. However, our sensitivity analysis also showed a significant association of interest in participants without diabetes based on only FPG or glycated hemoglobin levels; some participants with diabetes were grouped into the non-diabetes groups. Finally, the study participants were limited to residents of one rural In conclusion, a positive association was observed between serum HMW adiponectin and insulin secretion, evaluated using an index that included adjustment for IR, in a Japanese population-based study. This finding implies that caution should be exercised in the interpretation of measures describing the insulin secretion of study participants, depending on whether or not this parameter has been adjusted for the degree of IR present.
